maximal growth of Diplococcus pneumoniae, 85 to 90% of the growth factor accumulated as polyglutamates. Approximately equal amounts of mono-and diglutamates made up the remaining 10 to 15% found in culture material. Most of the polyglutamates occurred intracellularly, in a proportion of triglutamates to higher glutamates of about two to one. Only 10 to 15% of all folic acid derivatives (mono-, di-, and polyglutamates) found had folinic acid (5-formylfolate-H4) activity for Pediococcus cerevisiae. Practically all synthesis of the glutamyl-peptide moieties of folate seems to occur at an enzymatic step prior to folic acid, since no appreciable peptide formation occurred under conditions blocking folate synthesis. Sulfanilamide inhibition of growth by a block in folate synthesis was reversed by the addition of dihydrofolic acid, but not folic acid. The examination of two genetically distinct amethopterin-resistant mutant strains has revealed no gross differences in folate accumulation during growth when compared with the wild strain.
Concurrent with studies of resistance to folic acid antagonists exhibited by various mutant strains of Diplococcus pneumoniae, we have examined the wild strain for folic acid derivatives biosynthesized during growth. Of particular interest was the fraction accumulated as polyglutamyl conjugates.
The biosynthesis of polyglutamate forms of folic acid has been shown to occur in a number of microorganisms. For example, derivatives have been found in yeast (Bird et al., 1946; Pfiffner et al., 1946; Doctor and Couch, 1953) , in several lactic acid bacteria (Hendlin, Koditschek, and Soars, 1953) , and in Neurospora crassa (Swendseid and Nyc, 1958) . A triglutamate form with activity for Pediococcus cerevisiae was identified as a major constituent in cells of Bacillus subtilis (Hakala and Welch, 1955) , in cells of Streptococcus faecalis (Zakrzewski and Nichol, 1955) , and, along with a heptaglutamate derivative, in Clostridium cylindrosporum (Wright, 1955) , and in a number of clostridia by Rabinowitz and Himes (1960) .
In the following report, evidence is presented for the accumulation in cultures of D. pneumoniae of significant quantities of at least three polyglutamyl forms of both folic acid and the reduced coenzyme form. Additional data are also given which suggest the manner in which these derivatives originate during growth.
MATERIALS AND METHODS
The organism used as a source of folic acid derivatives for most of this work was a rough variant of D. pneumoniae strain R6 (obtained through the courtesy of Rollin D. Hotchkiss, The Rockefeller Institute, New York). Two genetically distinct amethopterin-resistant mutants, R6Amb and R6Amd, were also used. Each has a single genetic marker, but at a different chromosomal locus (unpublished data), determining 100-and 500-fold increases in resistance, respectively, and derived from mutant strains described previously (Sirotnak, Lunt, and Hutchison, 1960a) .
Inocula and cells used for the preparation of extracts were grown at pH 7.4 in a modification (Sirotnak et al., 1960b) of the partially synthetic medium of Adams and Roe (1945) occurred after approximately 10 hr of incubation at 37 C. Cell yield (dry weight) was about 400 mg/liter. Cells in the late exponential phase (around OD 0.6) or in the stationary phase of growth were harvested by centrifugation and resuspended in one-tenth the original volume in cold 0.1 M phosphate buffer (KH2PO4-Na2HPO4) at pH 6.5. Both the resuspended cells and the supernatant culture broth were autoclaved immediately, for 15 min at 121 C, and adjusted to their original volume with distilled water; the suspensions were centrifuged to remove cellular debris. The heat treatment releases growth factors from the cells and mediates the conversion of labile one-carbon substituted derivatives, such as N'0-formyl-and N5-10-methenyl-folate-H4, to the stable N5-formylfolate-H4. Folate-H2 and folate-H4, presumably, are oxidized to folic acid. When extracts were examined by the BrattonMarshall (1939) procedure for the presence of p-aminobenzoylglutamic acid (PABG), a cleavage product of folate-H2 and folate-H4, none was detected. In addition, when synthetically prepared folate-H2 was added to cell extracts prepared by sonic treatment and then heated, no Bratton-Marshall positive material could be detected. Such material, however, was detected almost immediately in controls prepared in either distilled water or phosphate buffer; a commensurate loss of activity for S. faecalis or Lactobacillus casei was also noted for such controls. It appears, therefore, that materials in the cell afford considerable protection to the reduced folates and that under these conditions the result from heating is one of oxidation to folic acid with little or no cleavage of the molecule to PABG and a pteridine derivative.
The heat extracts and the similarly heated supernatant medium, were stored at 5 C under toluene. To convert polyglutamates to readily utilizable growth factors available for microbiological assay, a portion of each sample, along with a portion of the culture supernatant, was treated for 17 hr at 37 C with a conjugase preparation from chicken pancreas or hog kidney. After pH adjustment to 6.5, 0.5 mg of dried chicken pancreas (Difco) was added per 10 ml of extract, and 0.2 ml of fresh hog-kidney suspension, made according to the method of Bird et al. (1945) , was added to 10 ml of extract after it was adjusted to pH 4.5. Dried hog-kidney preparation (Difco) was found to be inactive under the same conditions.
Prior to bioautographic analysis, samples were concentrated tenfold by lyophilization and then treated with an equal volume of absolute ethyl alcohol. The resulting precipitate was removed by centrifugation, and the supernatant was stored at -20 C until used.
Folic acid derivatives were measured microbiologically. S. faecalis ATCC 8043 and L. casei ATCC 7479 were used for assays of total folic acid, with synthetic pteroylglutamic acid as a standard; P. cerevisiae ATCC 8081 was used for determination of the substituted folate-H4 derivatives, with synthetic N5-formylfolate-H4 (folinic acid) as the standard. Media and conditions of assay were essentially those of Flynn et al. (1951) for S. faecalis and L. casei and those of Sauberlich and Baumann (1948) for P. cerevisiae. Growth response was measured turbidimetrically at 600 m,u with a Beckman model B spectrophotometer.
For the preparation of bioautograms, usually 0.01 ml of the concentrated samples or a suitable dilution was used. This was spotted on filter paper strips (Eaton-Dikeman no. 613, 0.5 in. in diameter) for ascending chromatography with 1% K2HPO4 plus 0.2% ethylenediaminetetraacetic acid (EDTA) as the solvent, during a period of approximately 7 hr at room temperature. The paper strips were then air-dried and placed on the surface of the appropriate assay medium, solidified by adding 1.5% agar, and seeded with one of the three assay organisms shown above. After 20 hr of incubation at 37 C, the paper strips were removed and areas of growth traced to be used for RF calculations. All folic acid compounds used as standards in assay procedures and as controls for bioautograms (see Fig. 1 (1957) as modified by Blakley (1960) .
RESULTS
Heat extracts were prepared in the manner described above from a number of cell samples of Table 1) .
From values obtained before and after treatment of samples with chicken-pancreas conjugase, it can be seen that no more than 15 to 20% of both folate and the one-carbon substituted folate-H4 derivatives existed in a form utilizable by S. faecalis or P. cerevisiae, with the majority of this found extracellularly in the culture medium. The proportion of utilizable forms to nonutilizable polyglutamyl conjugates remained essentially the same during growth. Treatment with the fresh hog-kidney extract was considerably less efficient than the chicken-pancreas preparation in converting nonutilizable material to forms readily used by the assay organisms. ID addition, treating samples consecutively with both conjugase preparations did not increase the value obtained with the chicken-pancreas preparation alone. Some heated samples were also (Hakala and Welch, 1957) to utilize the triglutamate derivative of one-carbon substituted folate-H4, it seems that the above data reflect a greater variation than that reported for the efficiency of utilization of this conjugate among the three organisms and that smaller amounts of higher conjugates also exist, since an increase in L. casei activity was also obtained after chicken-pancreas conjugase treatment.
We have attempted to differentiate chromatographically among the various folic acid conjugates. The results obtained with samples treated as described above are shown in Fig. 1, 2 Microbiological assays indicated that the triglutamate was required in at least 50 times the concentration of the other derivatives to produce the same level of growth for the latter organism. This is in agreement with the findings of Silverman and Wright (1956) , but not with those of Hakala and Welch (1957) a p-Aminobenzenesulfonamide (100 ,ug/ml) was used.
b The amount of folate-H2 was 10 ,ug/ml. c Measured as equivalents of pteroylglutamic acid by microbiological assay with S. faecalis. Average of duplicate determinations done at several sample dilutions.
d Assay values obtained after treatment of samples with chicken-pancreas preparation at pH 6.5.
e Calculated as that portion of the total not available for growth by the assay organism prior to treatment with chicken-pancreas conjugase.
dried cells, no differences were noted (particularly in the number of zones of growth) when compared with bioautographs made with heated material.
The two genetically distinct amethopterinresistant strains described above were examined to determine any differences in gross accumulation of folic acid. Microbiological assay and bioautographic data on culture material derived from these strains revealed no significant differences in the amount or type of compounds formed by these mutants and cultures of the wild strain.
In view of the rather large amount of folic acid accumulating in culture material as polyglutamyl derivatives, it was considered of interest to determine, to some extent, the manner in which these compounds are synthesized during growth.
An attempt was made to ascertain whether polyglutamate formation occurred at a biosynthetic step preceding, or simultaneously with, the formation of folic acid (i.e., by the addition of preformed homopeptides) or by peptide synthesis after the formation of folic acid. Some information could be obtained by blocking the synthesis of folic acid with sulfanilamide but allowing growth by the addition of a reversing compound to the medium. After a number of unsuccessful attempts with folic acid, it was determined that folate-H2 was the derivative actually necessary to bring about reversal of inhibition. Cells depleted of folic acid, by culturing them at a subinhibitory level of sulfanilamide, were inoculated into a medium containing (per ml) 100 ,l.g of the same drug, 10 ,ig of folate-H2, and 1 mg of ascorbic acid. Growth under these conditions proceeded at the same rate as that which occurred in the absence of the drug, whereas no growth occurred in controls containing only the drug. Cells were harvested at the end of the exponential phase of growth, and heat extracts were prepared in the usual fashion. The results are shown in Table 3 and Fig. 4 Controls were spotted in the amount of 2.5 mjAg and are the same as in Fig. 1 (Fig. 4) , a very large zone of growth was seen which corresponded to folic acid (RF 0.3) in contradistinction to that obtained with control extracts. In addition, after conjugase treatment of extracts from cells grown in the presence of drug, only minute zones of growth appeared at RF values of 0.55 and 0.8, corresponding to end products of conjugase digestion.
DISCUSSION
As reported for a number of other microorganisms, D. pneumoniae during growth also synthesizes the majority of its folic acid as polyglutamyl conjugates. The large proportion of conjugated growth factor found intracellularly (as much as 95% conjugated to the extent of three or more glutamic acid residues), as compared with that found in the growth medium, could indicate that the conjugation process is a means for maintaining the necessary intracellular concentration of these important materials. These findings acquire additional significance when one considers the view expressed previously by Rabinowitz and Himes (1960) that folic acid derivatives occur naturally as polyglutamates with a capacity for participation in one-carbon transfer reactions at least equal to, if not greater than, analogues containing one glutamic acid residue. The relatively small accumulation of substituted, reduced derivatives as compared with folic acid precursors could result from the presence in the cell of a less active formylating mechanism, similar to that reported for S. faecalis (Albrecht, Johnson, and Hutchison, 1962) .
If we assume that the difference among assay determinations performed with each organism on extracts prior to conjugase treatment is due to the inability of S. faecalis and P. cerevisiae to utilize triglutamates efficiently, then the bulk (about 60%) of the growth factors, both folic acid and substituted folate-H4, synthesized by D. pneumoniae are triglutamate derivatives. In addition to the 10% synthesized as mono-or diglutamate derivatives (both utilized equally as well by assay organisms), the remaining 30% probably occurs as a higher glutamate derivative, viz., hexa-or heptaglutamates described in yeast and in C. cylindrosporum (Wright, 1955) , unless the greater activity obtained with the conjugase-treated extracts is due to a more efficient utilization of the hydrolysis product (diglutamate) by L. casei. Indications to the contrary were obtained in reports Welch, 1955, 1957) which show that triglutamates are utilized equally as well as lesser conjugates by L. casei. We have also confirmed this by obtaining no increase in L. casei activity of solutions of the triglutamate of folic acid and the enzymatically synthesized triglutamate form of N5-formyfolate-H4, after chicken-pancreas conjugase digestion. However, in view of the increase in activity shown with conjugase-treated extracts, we have attempted to distinguish by bioautography between triglutamates and higher glutamates using L. casei. Extracts, which were diluted to the extent that only the triglutamate derivatives would appear on bioautographic plates, were spotted on paper strips and run in the aqueous phosphate buffer described above and in an ammonia-ethanol-butanol-water solvent (Doctor and Couch, 1953) . The strips were placed on agar medium seeded with L. casei, some of which contained purified chickenpancreas conjugase prepared by the method of Laskowski, Mims, and Day (1945) . Although the results were not definitely conclusive, areas of growth other than those normally seen at RF 0.7 and 0.9 (triglutamyl derivatives) were definitely visible on the plates containing the chickenpancreas conjugase.
The reversal of sulfanilamide inhibition by folate-H2 and not by folic acid is a most interesting observation. Assuming no permeability factor, this finding could be interpreted to mean that the normal pathway of synthesis, similar to that reported for Escherichia coli by Brown et al. (1961) , does not proceed via folic acid, but rather via a reduced form of this compound.
The apparent origin in D. pneumonie of folic acid derivatives with additional glutamic acid residues by the utilization of preformed homopeptides, does not entirely rule out an increase in peptide length at a later stage. The presence of small amounts of polyglutamates in cells grown during a block in folic acid synthesis could be indicative of the existence of such a mechanism in this organism. Furthermore, a similar mechanism must exist in microorganisms, such as S. faecalis and L. casei (Hendlin et al., 1953) , which are unable to synthesize folic acid but form considerable amounts of folic acid polyglutamates from added folic acid.
